We highly purified the enzyme having L-cysteine desulfhydrase activity from Corynebacterium glutamicum. According to its partial amino acid sequence, the enzyme was identified as the aecD gene product, a C-S lyase with K, L-elimination activity [I. Rossol and A. Pu «hler (1992) J. Bacteriol. 174, 2968^2977]. To produce L-cysteine in C. glutamicum, the Escherichia coli-altered cysE gene encoding Met256Ile mutant serine acetyltransferase, which is desensitized to feedback inhibition by L-cysteine, was introduced into C. glutamicum. When the altered cysE gene was expressed in the aecD-disrupted strain, the transformants produced approximately 290 mg of L-cysteine plus L-cystine per liter from glucose. The produced amount of these amino acids was about two-fold higher than that of the wild-type strain. ß
Introduction
L-Cysteine is an important amino acid in terms of its applications in the pharmaceutical, food, and cosmetic industries [1] . However, due to feedback inhibition by L-cysteine of serine acetyltransferase (SAT ; EC 2.3.1.30), which catalyzes the formation of O-acetyl-L-serine from acetyl-CoA and L-serine, a high level of production of L-cysteine from glucose has not been successfully achieved in microorganisms (Fig. 1) .
In order to obtain L-cysteine producers, we previously constructed Escherichia coli cysE gene encoding altered SAT. This gene was genetically desensitized to the feedback inhibition induced by L-cysteine using site-directed mutagenesis to replace the 256th methionine residue [2] . We found that, in the recombinant E. coli cells expressing the altered cysE gene, there was a marked production of Lcysteine plus L-cystine, and that stable expression of feed back inhibition-insensitive SAT was necessary for overproduction of L-cysteine. We have also reported the importance of L-cysteine desulfhydrase (CD) activity of the E. coli host cells [2] . In order to further improve L-cysteine production, a host strain having a lower level of CD activity must be isolated (Fig. 1) .
Corynebacterium glutamicum, Brevibacterium lactofermentum, and related bacteria are Gram-positive and non-pathogenic, and are called coryneform glutamic acid-producing bacteria. Their derivatives have been used in industry for the production of various amino acids by means of fermentation. However, the degradation pathway of L-cysteine in C. glutamicum has not yet been clari¢ed. Thus, in the present paper, we puri¢ed and characterized the CD involved in L-cysteine degradation in C. glutamicum. We show here that the protein encoded by the aecD gene [3] contributed to in vivo L-cysteine degradation and that the aecD gene disruption resulted in production of L-cysteine plus L-cystine in C. glutamicum.
Materials and methods

Microorganisms and cultivation
The microorganisms used in this study were C. glutami-0378-1097 / 02 / $22.00 ß 2002 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved. PII: S 0 3 7 8 -1 0 9 7 ( 0 2 ) 0 1 0 4 2 -X cum ATCC14067, ATCC13032, and IR33. Strain ATCC-14067 was used as the enzyme source. Strain ATCC-13032 was used as a control in L-cysteine production. Strain IR33, in which the chromosomal aecD gene was disrupted by a chloramphenicol-resistant gene, was a generous gift from Dr. Tauch [3] . These strains were cultivated in CM2G medium which contained (per liter of distilled water) 10 g of glucose, 3 g of K 2 HPO 4 , 0.2 g of MgSO 4 W7H 2 O, 15 g of peptone, 2 g of NaCl, and 1 g of yeast extract. E. coli JM109 was used for plasmid construction. E. coli cells were grown at 37 ‡C in Luria^Bertani medium containing 1% BactoTryptone (Difco Laboratories), 0.5% Bacto-Yeast extract (Difco Laboratories), and 1% NaCl (pH 7.0). When necessary, kanamycin (50 Wg ml 31 ) was added to the medium.
For L-cysteine production, C. glutamicum was cultivated in C2 medium containing (per liter of distilled water) 100 g of glucose, 45 g of (NH 4 ) 2 8 cells cultured for 24 h on CM2G solid medium containing kanamycin at 31.5 ‡C were inoculated into 20 ml of C2 medium in 500-ml £asks and cultured at 31.5 ‡C for 72 h on a reciprocal shaker at 120 strokes per min.
Determination of L-cysteine and L-cystine
The amounts of L-cysteine and L-cystine were determined by performing a microbioassay using Pediococcus acidilactici IFO3076 [4] . As L-cysteine in the culture supernatant was easily oxidized to L-cystine, which was slightly soluble in water, the culture £uids were assayed after L-cystine was dissolved with 0.5 N HCl.
Plasmids
Plasmid pVK7 (supplied by Ajinomoto, Co., Inc.), which could replicate and express the bacterial kanamycin-resistant gene in B. lactofermentum, C. glutamicum and E. coli, was used to express the E. coli cysE gene encoding SAT in C. glutamicum. Plasmid pVK7 was constructed by combining HindIII-digested pAM330 [5] , cryptic plasmid isolated from B. lactofermentum ATCC13869, with AvaII-digested pHSG299 (Takara Shuzo) by blunt-end ligation. Plasmids pCE harboring the wild-type cysE gene [2] and pCEM256I harboring the Met256Ile mutant cysE gene [2] were digested with EcoRI. The resultant 1.2-kb EcoRI fragment including the promoter and terminator regions was then ligated into the EcoRI site of pVK7 to construct pVK7-CE or pVK-CEM256I.
DNA transfer
DNA was introduced into the E. coli strain by means of a chemical method [6] . C. glutamicum cells were transformed by electroporation essentially as described previously [7] .
Enzymes and chemicals
The enzymes used for DNA manipulations were purchased from Takara Shuzo Co. Ltd., and Toyobo Biochemicals. All other chemicals used in this study were of analytical grade and commercially available.
Enzyme activity
CD activity was measured by colorimetric assay of the sul¢de formed [8] . When a substrate other than cysteine was tested, the keto-acid formed was measured using 2,4-dinitrophenylhydrazine [9] . SAT activity was measured as described previously [2] .
Native gel electrophoresis and activity stain
CD activity in the cell extract was visualized by using an activity stain as reported previously [10] .
Puri¢cation of the enzyme
All puri¢cation procedures were performed at 0^4 ‡C in 10 mM Tris^HCl bu¡er (pH 8.6) containing 0.1 mM dithiothreitol and 10 WM pyridoxal 5P-phosphate.
Starting from 30 g (wet weight) C. glutamicum ATCC14067 cells, the enzyme having CD activity was puri¢ed after six successive puri¢cation steps including ammonium sulfate fractionation, DEAE-Sepharose FF (Pharmacia Biotech), Butyl-Toyopearl (Tosoh), MonoQ HR10/10 (Pharmacia Biotech), Resource Isopropyl (Pharmacia Biotech), and Superdex-200 HR gel ¢ltration (Pharmacia Biotech) column chromatography. The active fraction after the Superdex-200 step was used as the puri¢ed enzyme for characterization.
Lysyl endopeptidase digestion and isolation of the peptides
The puri¢ed enzyme was digested with lysyl endopeptidase (Wako Pure Chemicals) under conditions described previously [11] . The peptides were separated by reversephase high-performance liquid chromatography under the conditions described previously [12] .
Amino acid sequence analysis
The partial amino acid sequence was determined using a 476A pulsed liquid protein sequencer (Applied Biosys-tems) as described previously [13] . The obtained partial amino acid sequence was compared with those of proteins stored in the SWISS-PROT, PIR, and PRF protein databases. The sequence alignments were performed using Blast [14] and Fasta [15] programs.
Results and discussion
CD in C. glutamicum
When crude extracts of C. glutamicum ATCC14067 and ATCC13032 were analyzed by means of native gel electrophoresis and activity stain, only one band having CD activity was observed (data not shown). This result suggests that both C. glutamicum strains have only one CD, although E. coli has several CDs such as malY and metC gene products [10] .
Puri¢cation of CD
The puri¢cation of CD is summarized in Table 1 . The enzyme was highly puri¢ed to almost homogeneity with a 45% overall recovery. The puri¢ed enzyme gave an almost single band on sodium dodecyl sulfate^polyacrylamide gel electrophoresis (SDS^PAGE) (Fig. 2) . The relative molecular mass of the subunit was estimated to be approximately 43 000.
Substrate speci¢city
The ability of the puri¢ed enzyme to degrade various substrates containing the C-S bond was tested by assaying for the generation of keto-acids. The reaction rate decreased in the following order: L-djenkolic acid (190%) s L-cystine (120%) s DL-cystathione (100%) s DLlanthionine (47%) s L-cysteine (5.3%)EL-methionine ( 6 1.0%). The numbers in the parentheses indicate relative activity (activity toward DL-cystathionine (750 U min 31 (mg protein) 31 ) was taken as 100%). The overall substrate speci¢city was similar to that of cystathionine Q-lyase from Lactobacillus fermentum DT41 [16] and that of cystathionine L-lyase from Lactococcus lactis subsp. cremoris B78 [17] and E. coli [18] , though L-cysteine served as a poor substrate (only 1% of the value with L-cystathionine) of the E. coli cystathionine L-lyase [18] .
Partial amino acid sequence analysis
The NH 2 -terminal amino acid sequence of the enzyme was determined by automated Edman degradation using a pulsed liquid phase sequencer as M-R-
This sequence was found to be the same as the NH 2 -terminal region amino acid sequences of cystathionine L-lyase of C. glutamicum [19] (accession no. AF276227).
The enzyme protein was digested with lysyl endopeptidase, and the resulting digest was separated using the Smart system. Three peptides (K-1, K-2, and K-3) were isolated, and the amino acid sequences of these peptides were analyzed using a protein sequencer. The sequences of K-1, K-2, and K-3 were V-T
-G-R-Q-A-I-Y-I-D-A-H-E-Y-D-L-K, A-W-N-T-A-G-L-K, and D-N-R-D-F-A-A-A-E-
L-E-K, respectively. When these sequences were compared with those stored in the protein sequence databases (nr-aa) using the sequence similarity search programs Blast [14] and Fasta [15] , all three peptides were found to be perfectly matched to the partial amino acid sequences of the cystathionine L-lyase of C. glutamicum ATCC13032 [19] (accession no. AF276227) and the aecD gene product of C. glutamicum ATCC13032 [3] (accession no. M89931). These sequences were also found in the complete genome sequence of C. glutamicum [20] (accession no. AX127151). The NH 2 -terminal amino acid sequence of the aecD gene product reported by Rossol and Pu « hler [3] (M-A-D-A-V-E-R-E-V-F-) was not detected, maybe because the ATG start codon predicted by Rossol and Pu « hler is incorrect. In fact, another possible ATG start codon was found 129 bp upstream of the ATG start codon predicted by Rossol and Pu « hler, and the translated amino acid sequence based on this 129-bp upstream ATG start codon, M-R-F-P-E-L-E-E-L-K-, was perfectly matched to the NH 2 -terminal amino acid sequence of this enzyme, as determined by automated Edman degradation. Moreover, cell-free extract of C. glutamicum IR33, whose aecD gene was disrupted, did not give any band on the CD activity staining gel (data not shown). From these results, we conclude that the enzyme puri¢ed here is an identical protein to cystathionine L-lyase, and to the C-S lyase encoded by the aecD gene of C. glutamicum ATCC13032. The activity toward L-cysteine of the aecD gene product and cystathionine L-lyase has been reported [3, 18] . These three enzyme (cystathionine L-lyase, aminoethyl cysteine degrading enzyme, and CD) catalyze the common reaction, LC-S cleavage. Thus, the CD activity of C. glutamicum seemed to be originated from the aecD gene product.
At the beginning of this study, we thought that C. glutamicum has a CD independent from cystathionine L-lyase or aecD gene product. Thus, we puri¢ed the CD from C. glutamicum ATCC14067. However, after puri¢cation of the enzyme, it was found to be an identical protein to cystathionine L-lyase, and the aecD gene product of C. glutamicum ATCC13032. Moreover, the aecD gene disruptant C. glutamicum IR33 had been already made by I. Rossol and A. Pu « hler [3] . Thus, we used C. glutamicum IR33 as a host strain for cysteine production, because the aecD gene disruptant was proved to be the CD gene disruptant.
3.5. L-Cysteine production by the recombinant strains carrying the altered cysE gene from E. coli
In order to overproduce cysteine by microorganisms, stable expression of feedback inhibition-desensitized SAT is necessary [2] . However, the gene encoding SAT in C. glutamicum has not yet been identi¢ed, and feedback inhibition-desensitized SAT of C. glutamicum has not yet been reported. Thus, two plasmids, pVK7-CE and pVK-CEM256I, which contain the wild-type and the altered E. coli cysE, respectively, were constructed and introduced into C. glutamicum by electroporation.
The SAT activities of C. glutamicum ATCC13032 transformed by pVK7-CE and pVK-CEM256I were 0.51 and 0.49 Wmol min 31 (mg protein) 31 , whereas that of C. glutamicum ATCC13032 transformed by pVK7 (vector only) was only 0.12 Wmol min 31 (mg protein) 31 . This result indicated that the E. coli cysE genes, both the wild-type and the altered, were expressed and functioned in C. glutamicum. It is worth noting that the original promoter of the E. coli cysE gene was functional in C. glutamicum.
Transformants harboring these plasmids were cultivated in L-cysteine production medium (Table 2 ). It was found that L-cysteine plus L-cystine were hardly detected in strain ATCC13032 harboring the wild-type E. coli cysE gene cloned in plasmid pVK7-CE. However, a small amount of L-cysteine plus L-cystine (79 mg l 31 ) accumulated in the case of the aecD-disrupted strain IR33 transformed with pVK7-CE, probably due to an e¡ect of the cysE gene dosage. On the other hand, it is worth noting that strain IR33 carrying the altered cysE gene produced approximately 290 mg l 31 of L-cysteine plus L-cystine after 72 h of culturing, while approximately 130 mg l 31 accumulated in the wild-type strain ATCC13032 under the same conditions. These results indicate that L-cysteine successfully accumulated in C. glutamicum having a genetically altered E. coli SAT, and that disruption of the gene involved in L-cysteine degradation led to increase in L-cysteine accumulation in C. glutamicum.
In the present study, we identi¢ed CD of C. glutamicum as an aecD gene product (cystathionine L-lyase). The aecD gene disruption was e¡ective to L-cysteine production by C. glutamicum, indicating that the aecD gene product plays an important role in L-cysteine degradation, not only in vitro, but also in C. glutamicum cells.
In this case, an altered cysE gene of E. coli was used, because the gene encoding SAT in C. glutamicum has not yet been identi¢ed. The low productivity (290 mg l 31 ) would be improved by using feedback inhibition desensitized SAT of C. glutamicum. Cloning and characterization of the C. glutamicum SAT gene are currently underway.
